Phosphofructokinase (EC 2.7.1.11) from carrot roots was activated by a number of salts. Increase in salt concentration beyond the optimum generally led to a decrease in enzyme activity. Salts (10, 11, 14, 15 ) and this inhibition is cooperative (16). A characteristic property of phosphofructokinase from higher plants is the strong cooperative inhibition given by very low concentrations of P-enolpyruvate (16). With the pea seed enzyme, 50% inhibition of phosphofructokinase activity may be obtained with P-enolpyruvate concentrations as low as 1.3 uM (16). It is believed that Penolpyruvate is a major factor in the regulation of plant phosphofructokinase and hence in the control of glycolysis (23, 24) . Pea seed phosphofructokinase is also strongly inhibited by low concentrations of 2-P-glycerate and 3-P-glycerate (17).
The reaction catalyzed by phosphofructokinase (ATP: D-fructose 6-phosphate 1-phosphotransferase, EC 2.7.1.11) is the first unique step in glycolysis. The enzyme from mammalian tissues is inhibited by ATP and citrate and is stimulated by fructose-1,6-P2, ADP, AMP, 3',5'-AMP, NH4', K+ and Pi (21) . A considerable amount of information is now available on the properties of phosphofructokinase from higher plant tissues (23) . Phosphofructokinase from parsley (18) , carrots (10) , Brussels sprouts (11) , corn (14) and pea seeds (15, 16) is inhibited by ATP and, in contrast to the enzyme from mammalian tissues, by ADP and AMP. In general, Pi is a stimulator. The plant enzyme is inhibited by citrate (10, 11, 14, 15) and this inhibition is cooperative (16) . A characteristic property of phosphofructokinase from higher plants is the strong cooperative inhibition given by very low concentrations of P-enolpyruvate (16) . With the pea seed enzyme, 50% inhibition of phosphofructokinase activity may be obtained with P-enolpyruvate concentrations as low as 1.3 uM (16) . It is believed that Penolpyruvate is a major factor in the regulation of plant phosphofructokinase and hence in the control of glycolysis (23, 24) . Pea seed phosphofructokinase is also strongly inhibited by low concentrations of 2-P-glycerate and 3-P-glycerate (17) .
In an earlier communication it was shown that NaCl and KCI stimulated the activity of phosphofructokinase from carrot roots (7) . The carrot enzyme was strongly inhibited by P-enolpyruvate and this inhibition was relieved by NaCl Partial Purification of Carrot Root Phosphofructokinase. The method of preparation of carrot phosphofructokinase was a modification of that described previously (7) . Approximately I kg fresh carrots were peeled and placed in a juice extractor. The juice was treated with 0.33 volume of a mixture of 0.1 M Tris, 50 mM NaF, 10 mM MgCI2 and 8 mm EDTA which had been adjusted to pH 8.0 with acetic acid (buffer A), and centrifuged at 20,000g for 10 min. After filtering through glass wool, the supernatant was adjusted to pH 8.0 with NH40H and saturated (NH4)2SO4 (pH 8.0) added to 35% saturation. The precipitate was removed by centrifugation at 20,000g for 20 min and the supernatant raised to 55% saturation with (NH4)2SO4. The mixture was centrifuged at 20,000g for 20 min and the pellet resuspended in a I in 10 dilution of buffer A (buffer B) containing I mm ATP and heated at 55 C for 3 min. After cooling and centrifugation at 27,000g for 15 min the supernatant was again fractionated with (NH4)2SO4. The pellet obtained between 25% and 35% saturation was resuspended in 6 ml of buffer B containing 0.1 mm ATP and 0.1 mm fructose-1,6-P2 and dialyzed against buffer B. The dialyzed material was frozen and thawed twice and the resultant precipitate removed by centrifugation. This preparation had a specific activity of approximately 0.7 Amol fructose-1,6-P2 produced/min mg protein which represented a 20-fold purification from the crude extract. Phosphatases acting on fructose-6-P, fructose-1,6-P2 and ATP were not detected in this partially purified preparation.
Assay of Phosphofructokinase Activity. Enzyme activity was assayed by coupling the production of fructose-1,6-P2 with the oxidation of NADH through aldolase, triose-P isomerase and aglycero-P dehydrogenase. (NH4)2SO4 was removed from the coupling enzymes before use by dialysis against buffer B. Standard assay reaction mixtures contained in a total volume of 3 ,umol imidazole and 8 timol acetic acid (giving a pH of 7.9), and 5 to 10 ,ul (containing approximately 10 ,tg protein) of the partially purified enzyme preparation. The reaction was started by the addition of 1.5 ,umol fructose-6-P. Salts containing some anions (especially sulfate) inhibited a-glycero-P dehydrogenase. Where this effect was observed, additional a-glycero-P dehydrogenase was added. On the addition of high concentrations of some salts, the pH of the reaction mixtures was greater than 7.9: in these experiments the pH was adjusted to 7.9 with acetic acid. The amount of acetic acid used did not exceed 5 ,imol. Reaction mixtures were maintained at 30 C and the change in A at 340 nm was followed. One mU2 of phosphofructokinase activity is defined as I nmol fructose-1,6-P2 produced/min.
RESULTS
When no extra salts were added, reaction mixtures of the composition described for the standard assay contained, in addition to the substrates, approximately 1.5 mm Na+ and less than 10 ,lM K+ as weil as 1.6 nuM MgCl2 and imidazole (20 mM)-acetic acid ( 
mM).
Effect of Chlorides of Monovalent Cations. Figure I shows Effect of Salts of Multivalent Organic Acids. The K+ salts of several multivalent organic acids affected carrot phosphofructokinase activity (Fig. 4) . Potassium succinate was stimulatory whereas potassium malate had little effect on carrot phosphofructokinase in the concentrations used. Potassium tartrate gave a small stimulation at low concentrations but in higher concentra- Effect of NaCI and KCI on the Inhibition by P-enolpyruvate. Carrot phosphofructokinase is strongly inhibited by P-enolpyruvate (7) . In the present investigation the concentration of Penolpyruvate required for 50o inhibition of phosphofructokinase activity in the standard assay reaction mixture was 1.8 to 2.0 ,UM. Figure 5 shows the effect on the activity of carrot phosphofructokinase of increasing concentrations of NaCl in the presence of (final concentration 150 mM) almost completely relieved the inhibition produced by both 5 ,UM and 20 Mm P-enolpyruvate. The presence of P-enolpyruvate changed the NaCl response curve from hyperbolic to sigmoid and magnified the effect of the addition ot NaCl. With no added P-enolpyruvate, the addition of NaCl (final concentration 150 mM) increased phosphofructokinase activity to 3.7 times the rate obtained with the standard assay system. In the presence of 20 ,UM P-enolpyruvate, 150 mm NaCl increased phosphofructokinase activity 300-fold.
Plant Physiol. Vol. 66, 1980 www.plantphysiol.org on June 20, 2017 -Published by Downloaded from Copyright © 1980 American Society of Plant Biologists. All rights reserved. The investigation was extended to include the effects of KCI and particularly of very high concentrations of P-enolpyruvate. KCI reversed the inhibition of carrot phosphofructokinase by Penolpyruvate. KCI reversed the inhibition of carrot phosphofructokinase by P-enolpyruvate. Figure 6 shows the effect of increasing concentrations of P-enolpyruvate in the presence of several concentrations of KCI. With no added KCI the enzyme in the standard assay reaction mixture was almost completely inhibited by Penolpyruvate concentrations above 5 uM. When 250 mm KCI was present phosphofructokinase was protected from inhibition to the extent that 65% of the activity remained with 200 tiM P-enolpyruvate and 24% with 350 uM P-enolpyruvate.
Effect of Potassium Phosphate on the Inhibition by P-enolpyruvate. Potassium phosphate was very effective in reversing the Penolpyruvate inhibition of carrot phosphofructokinase (Fig. 7) . The effect was apparent at all levels of P-enolpyruvate. With a low concentration of P-enolpyruvate (7 tLM) and no added potassium phosphate, phosphofructokinase activity was almost completely inhibited. The addition of 0.25 mm potassium phosphate essentially abolished the inhibition at this P-enolpyruvate concentration. With 100 /LM P-enolpyruvate, the enzyme was 100o inhibited with 0 and 0.25 mM potassium phosphate. On (Fig. 8 ). (5, 21) . Na+ (added as NaCI) was ineffective as a stimulator of the enzymes from rabbit muscle (20) and from the thermophile Thermus (22) .
The effect of salts in reversing the inhibition produced by Penolpyruvate was dramatic. The addition of KCI (or NaCl) or potassium phosphate could effectively switch on phosphofructokinase. This phenomenon could be of metabolic significance as it seems probable that phosphofructokinase in aerobic plant tissues is subject to a degree of P-enolpyruvate inhibition and control of the enzyme activity may be substantially a matter of deinhibition (23, 24) . KCI 
